In commercial maize, there are at least two different alleles of the chiA gene that encode alloforms of ChitA chitinase, a protein that is abundant in developing seed. Both known alloforms are modified by Bz-cmp, a chitinase-modifying protein (cmp) secreted by the fungal pathogen Bipolaris zeicola. One alloform (ChitA-B73) is also modified by Stm-cmp, a protein secreted by the fungal pathogen Stenocarpella maydis, whereas the other (ChitA-LH82) is resistant. The two ChitA alloforms possess six differences or polymorphisms (P1-P6). To determine whether the P2 polymorphism in the chitin-binding domain is responsible for resistance or susceptibility to modification by Stm-cmp, and to determine whether Stm-cmp and Bz-cmp are proteases, heterologous expression strains of the yeast Pichia pastoris that produce recombinant maize ChitA (rChitA) alloforms and mutant rChitAs were created. rChitA alloforms and mutant rChitAs were purified from yeast cultures and used as substrates in assays with Stm-cmp and Bz-cmp. As with native protein, Bz-cmp modified both rChitA-LH82 and rChitA-B73, whereas Stm-cmp modified rChitA-B73 only. Mutant rChitAs, in which the P2 amino acids were changed to those of the other alloform, resulted in a significant exchange in Stm-cmp susceptibility. Amino-terminal sequencing of unmodified and modified rChitA-B73 demonstrated that Stm-cmp cleaves the peptide bond on the aminoterminal side of the P2 alanine, whereas Bz-cmp cleaves in the poly-glycine hinge region, the site of P3. The results demonstrate that Stm-cmp and Bz-cmp are proteases that truncate ChitA chitinase at the amino terminus, but at different sites. Both sites correspond to polymorphisms in the two alloforms, suggesting that the sequence diversity at P2 and P3 is the result of selective pressure to prevent truncation by fungal proteases.
INTRODUCTION
Maize (Zea mays L.) kernels develop on ears of mature plants and are susceptible to ear rot infection caused by specialized fungi (Koehler, 1959) . Commercial maize resistance to ear rot is mainly the result of traditional breeding. Although breeding programmes now use molecular biology and bioinformatics to link performance in the field with DNA-based molecular markers (Eathington et al., 2007) , little is known about the molecular mechanisms of fungal-maize interactions or how maize genetic diversity contributes to the observed phenotypes. Uncovering the molecular mechanisms used by fungal proteins to manipulate maize biology will help breeders understand the relationship between molecular markers and plant resistance.
The maize ChitA protein-encoded by the chiA gene (GRMZM2G051943; Schnable et al., 2009 )-is a class IV plant chitinase that is abundant in developing maize kernels. Plants contain many chitinases. They are divided into classes on the basis of the amino acid sequence and predicted structure (Neuhaus et al., 1996) . Like all class IV chitinases, maize ChitA has an amino-terminal sequence that directs the protein to be secreted. This sequence is removed during secretion, resulting in a mature, secreted protein with two functional domains that are separated by a flexible hinge. The smaller, amino-terminal domain functions to bind insoluble chitin. The larger, carboxyterminal domain hydrolyses chitin.
The biological role of maize ChitA chitinases has not been established. As fungal cell walls contain chitin, ChitA may contribute to plant defence against fungi by directly inhibiting fungal growth Schlumbaum et al., 1986) or by cleaving chitin-containing molecules from the surface of hyphae to produce signalling molecules that bind plant chitin receptors (Kaku et al., 2006; Shibuya and Minami, 2001 ). However, class IV chitinases have also been implicated in embryogenesis (Jong et al., 1992; Wiweger et al., 2003) , defence against bacterial pathogens (Gerhardt et al., 1997) and abiotic stress (Gerhardt et al., 2004) . Thus, the biological role of ChitA is probably complex.
In previous studies, it has been shown that ChitA is modified by fungal proteins secreted by two distinct members of the class (Naumann and Wicklow, 2010; Naumann et al., 2009) . In healthy ears of a commercial maize hybrid (FS 6873RR), two different forms of ChitA were present. When inoculated with B. zeicola, the causative agent of northern corn leaf spot, which causes both ear rot and leaf spot of maize, both forms of ChitA were modified by the secreted fungal protein Bz-cmp (B. zeicola chitinase-modifying protein) into new forms that do not bind insoluble chitin, but can hydrolyse chitin. When inoculated with S. maydis, the most prevalent ear rot pathogen in the world (Rossouw et al., 2009) , one form of ChitA was modified by the secreted fungal protein Stm-cmp, whereas the other was not. It was determined that the two ChitAs are alloforms, proteins encoded by different alleles of the chiA gene. Maize inbred B73 contains an allele that encodes the Stm-cmp-susceptible ChitA-B73 alloform, whereas inbred LH82 contains an allele that encodes the resistant ChitA-LH82.
ChitA-LH82 and ChitA-B73 possess six differences or polymorphisms (P1-P6). As cmp modification has been shown to affect the chitin-binding ability of ChitA (Naumann et al., 2009) and the P2 polymorphism is within the core of the chitinbinding domain (Aboitiz et al., 2004) , P2 may be in the amino acid region targeted by cmps and may be responsible for ChitA-LH82 resistance to Stm-cmp modification-but this has not been tested. And while the most obvious explanation of cmp modification of ChitA is that cmp proteins are proteases that remove the small chitin-binding domain from the protein, this mechanism has not been proven. This article describes the creation of strains of the methylotrophic yeast Pichia pastoris that produce and secrete recombinant ChitA (rChitA) alloforms and mutants, and their purification from expression cultures. Purified rChitAs were used to test two hypotheses. The first hypothesis is that the P2 aspartic acid residue in the chitinbinding domain of ChitA-LH82 is responsible for its resistance to Stm-cmp modification. The second hypothesis is that Stmcmp and Bz-cmp are proteases that remove the chitin-binding domain of ChitA.
RESULTS

Expression of rChitA alloforms in P. pastoris and purification from expression cultures
Heterologous expression strains of the yeast P. pastoris were constructed to produce rChitA alloforms from chiA cDNAs. Introns were deleted from existing genomic clones ( Fig. 1A ) (Naumann and Wicklow, 2010) and chiA cDNAs were inserted into expression vectors (Fig. 1B) . In the expression vectors, the maize secretion signal sequence (SSS) is replaced by one from yeast which is fused to Q27 of ChitA with a restriction site at the junction. When produced in yeast, the protein is secreted and the yeast SSS is removed, resulting in secreted rChitA that is identical to secreted maize ChitA, but with two additional amino acids (E and F) at the amino terminus that are encoded by the six bases of the restriction site. rChitA does not contain the P1 polymorphism as it is in the maize SSS. When grown in liquid medium containing methanol, strains with integrated chiA cDNAs secreted rChitA into the medium (Fig. 2 ). rChitAs were purified from the medium in four steps: production of cell-free medium (CFM) by centrifugation and filtration; precipitation from CFM by salting out, followed by dialysis to form a dialysed, resuspended pellet (D-RP); cation exchange chromatography; and re-precipitation by salting out (re-ppt). The procedure typically yielded more than 8 mg of protein in a 1-mL solution from a 1-L culture.
Modification of rChitA-LH82 and rChitA-B73 by Stm-cmp and Bz-cmp
Each of the purified rChitAs was incubated with either Stmcmp-containing protein extracts or purified Bz-cmp (Fig. 3A ). Samples were taken at three time points. Like maize-produced ChitAs, the rChitA-LH82 alloform was resistant to Stm-cmp modification, whereas rChitA-B73 was susceptible (Fig. 3A , top gel). When rChitA-LH82 was incubated with Stm-cmp, products were not detected at the earliest time point; in the later two time points, only a minor product band was visible. When rChitA-B73 was incubated with Stm-cmp, a minor product band was detected at the earliest time point, and increasing amounts of product were visible in the later two time points. Bz-cmp reactions with rChitAs resulted in modification of both rChitAs, with increasing amounts of modified product appearing with increasing time (Fig. 3A , bottom gel). The strong qualitative substrate preference that is seen with Stm-cmp was not present in these reactions. Therefore, one or more of the five polymorphisms that distinguish between the two proteins is highly likely to be responsible for the difference in alloform susceptibility to Stm-cmp modification without affecting Bz-cmp modification (Fig. 3B ).
Modification of rChitA P2 mutants by Stm-cmp
Strains were constructed to express two mutant ChitAs in which the P2 amino acid of each alloform was mutated to that of the other. The rChitA-LH82(D48A) mutant has alanine at P2, whereas rChitA-B73(A47D) has aspartic acid. The engineered strains were grown under inducing conditions and the mutant rChitAs were purified. Mutant rChitAs were incubated with Stm-cmp and their modification was compared with the rChitA-LH82 and rChitA-B73 alloforms (Fig. 4 ). Samples were taken at 2-h time points and the products were analysed by Tricine-sodium dodecylsulphate-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE). Mutation of the P2 aspartic acid to alanine in the rChitA-LH82 background led to an increase in Stm-cmp modification ( Fig. 4 ; second lane). Mutation of the P2 alanine to aspartic acid in the rChitA-B73 background led to a decrease in Stm-cmp modification ( Fig. 4 ; last lane). Both mutant proteins changed the susceptibility to degradation substantially, but not completely. This indicates that the remaining four polymorphisms make some contribution to the difference . The fourth to eighth lanes are the fractions that eluted after increasing the concentration of NaCl from 100 to 500 mM (E1-E5). The last lane is the purified protein, the result of combining fractions E2, E3, E4, E5 and reprecipitation of rChitA with ammonium sulphate (re-ppt).
in Stm-cmp modification susceptibility. However, in both backgrounds, ChitAs with aspartic acid at P2 were more resistant to Stm-cmp degradation than were ChitAs with alanine.
Amino-terminal sequencing of rChitA-B73 and modified forms
rChitA-B73 was either incubated alone in buffer or in the presence of Bz-cmp or Stm-cmp. Amino-terminal sequencing of unmodified, Bz-cmp-modified and Stm-cmp-modified forms of rChitA-B73 was performed by Edman degradation (Edman and Begg, 1967) (Fig. 4) .
Analysis of the first five amino acids from unmodified rChitA-B73 confirmed that the purified protein had the expected amino terminus (Fig. 1B) . The first two amino acids were the EcoRI site-encoded glutamic acid (E) and phenylalanine (F). The third and fourth were the glutamine (Q) and asparagine (N) of ChitA. Analysis of the fifth amino acid resulted in the absence of a significant signal. A lack of signal is consistent with the fifth residue being cysteine (C) as this amino acid is destroyed by Edman degradation and is not detected. Analysis of Stm-cmp-modified rChitA-B73 revealed that it was truncated and began in the chitin-binding domain. The first amino acid was the P2 alanine residue (A), followed by tyrosine (Y); the third amino acid did not have significant signal [consistent with cysteine (C)]; the fourth and fifth amino acids were glycine (G) and aspartic acid (D). Analysis of Bz-cmp-modified rChitA-B73 showed that it was also truncated, but differently than when modified by Stm-cmp. The amino terminus began with five glycine (G) residues, corresponding to cleavage in the hinge region. The hinge region separated the chitin-binding domain from the chitinase domain and was the site of P3 (Fig. 3B) . This demonstrates that Stmcmp and Bz-cmp are proteases that truncate ChitA by cleaving at P2 and P3, respectively.
DISCUSSION
This study shows that the aspartic acid residue in the chitinbinding domain of maize ChitA-LH82 is largely responsible for its resistance to Stm-cmp modification. When the aspartic acid of rChitA-LH82 was mutated to alanine, it greatly increased the Aliquots from each of the four reactions were taken at 0.5, 2 and 4 h. (B) Sequence alignment of the two rChitA alloforms. The five differences between the proteins are labelled P2 to P6. The rChitA-LH82 sequence is shown in the top row; the rChitA-B73 sequence is aligned below. Dots indicate homology; dashes indicate gaps; letters indicate amino acid differences. The P1 polymorphism is in the secretion signal sequence of ChitA and is not present in rChitA. The serine, phenylalanine and two tyrosine amino acids that are inverted are predicted to be involved in chitin binding (Aboitiz et al., 2004) . The filled star marks a glutamic acid that is predicted to be essential for catalysis; the open star marks a tyrosine that probably forms part of the active site of the enzyme (Verburg et al., 1992) . The underlined histidine marks the end of exon 1 and the start of exon 2 (Fig. 1A) .
amount of Stm-cmp product. When the alanine of rChitA-B73 was mutated to aspartic acid, it greatly decreased the amount of product (Fig. 4 ). This study also shows that Stm-cmp and Bz-cmp are proteases; furthermore, it demonstrates that the fungal proteases cleave ChitA in different locations. Stm-cmp destroys the chitin-binding domain by cleaving the peptide bond on the amino-terminal side of the P2 amino acid, whereas Bz-cmp separates the chitin-binding and catalytic domains by cleaving in the poly-glycine hinge region, the site of P3 (Fig. 5) . This mechanism explains why ChitA-LH82 is resistant to Stm-cmp modification, but not Bz-cmp modification: the two proteases are not homologous proteins secreted by different fungi (orthologues), but rather are two different types of protease that cleave ChitA in different locations. Although the P3 polymorphism does not have a significant effect on susceptibility to Bz-cmp truncation, it does link Bz-cmp activity to this site. In addition to the difference in the sequences of ChitA-LH82 and ChitA-B73 at P3, molecular evolutionary studies of chiA sequences from maize's ancestor, the annual teosinte Zea mays ssp. parviglumis, have shown that the hinge-encoding region is highly diverse (Moeller and Tiffin, 2008; Tiffin, 2004) . The demonstration that Stm-cmp and Bz-cmp are proteases and that both cleave ChitA at sites of sequence diversity suggests that this diversity resulted from selective pressure to prevent truncation by fungal proteases. It further suggests that the regions of chiA that encode P2 and P3 may be useful as molecular markers to guide the breeding of maize hybrids with increased ear rot resistance.
To my knowledge, this is the third report of a plant class IV chitinase that is proteolytically degraded at the amino terminus, and the first to demonstrate that it is the result of fungal proteases. The first report was of the PvChi4 protein of bean (Phaseolus vulgaris L. cv. Saxa) roots that had been infected by the fungal pathogen Fusarium solani f. sp. phaseoli (Lange et al., 1996) . In that study, the authors found that fungal infestation resulted in the conversion of PvChi4 into three different, catalytically active forms as a result of proteolysis. Aminoterminal sequencing showed that the smallest active form was missing both the chitin-binding domain and hinge, whereas the intermediate active form began in the hinge region (like Bz-cmp-modified ChitA). The amino terminus of the largest active form could not be determined, but probably resulted from cleavage in the chitin-binding domain (like Stm-cmpmodified ChitA). However, the study did not establish whether PvChi4 was truncated by fungal proteases or by induced plant proteases. Although it is tempting to speculate that fungal proteases were the cause, another group studying a class IV chitinase, NtChitIV, demonstrated that it was cleaved in the hinge region by endogenous tobacco proteases (Shinya et al., 2007) . This suggests that maize and other plants may produce their own proteases that cleave ChitA and other class IV chitinases, and that truncated forms without chitin-binding domains are not disabled proteins but post-translationally modified proteins with an important biological role. It further suggests that Stm-cmp and Bz-cmp are not simply proteases that destroy ChitA, but-like many bacterial virulence proteins (Abramovitch et al., 2006; Mudgett, 2005) -are mimics of plant proteins that function to suppress the immune response in a more elegant way. 
EXPERIMENTAL PROCEDURES
Engineering of rChitA expression strains
Engineering of rChitA expression strains began with two pBluescript KS cloning plasmids (GENBANK accession X52331) (Agilent Technologies, Santa Clara, CA, USA) that contain the chiA genes from either maize inbred LH82 (pTAN114) or B73 (pTAN112), as described previously (Naumann and Wicklow, 2010) . The intron was removed from the chiA genes of both plasmids. The intron was deleted from pTAN114 by a PCRbased method called splicing overlap extension (Horton et al., 1990) ; the oligonucleotide primers used are listed in Table 1 . The resulting plasmid, pTAN114DI, contained the chiA cDNA from maize inbred LH82. To remove the intron from pTAN112, both pTAN112 and pTAN114DI were digested with restriction enzymes SmaI and BglII. The small fragment from pTAN114DI was ligated into the large vector fragment of pTAN112 to create pTAN112DI, which contains the chiA cDNA from maize inbred B73.
Single nucleotides from each of pTAN114DI and pTAN112DI were changed by site-directed mutagenesis to create pTAN114DI(D48A) and pTAN112DI(A47D). As in the intron deletion step, the splicing overlap extension technique was used. Oligonucleotide primers are listed in Table 1 .
The four expression plasmids were created by PCR amplification of chiA cDNAs from pTAN114DI, pTAN112DI, pTAN114DI(D48A) and pTAN112DI(A47D), ligating the amplified DNA into the pPICZaA expression vector (Invitrogen, Carlsbad, CA, USA) to create pTAN121, pTAN122, pTAN121 (D48A) and pTAN122(A47D). The PCR products were ligated into pPICZaA between the EcoRI and XbaI restriction sites. In the expression plasmids, the maize SSS is replaced by one that is present in pPICZaA. The identity of the maize SSS was determined by the SignalP 3.0 server (Bendtsen et al., 2004) , which predicts it to be the first 26 amino acids [D-score, 0.919; hidden Markov model (HMM), 1.000]. For each of the four plasmids, DNA was prepared from Escherichia coli cultures, linearized and transformed into competent P. pastoris strain X-33 by electroporation. Isolates with integrated chiA genes were selected by plating transformed cells on yeast peptone dextrose (YPD) agar supplemented with sorbitol and zeocin (1% yeast extract, 2% peptone, 2% glucose, 1 M sorbitol, 2% agar, 100 mg/mL zeocin). Table 2 describes all the plasmids used in this study.
Expression and purification of rChitAs from P. pastoris
Secreted expression of maize ChitA proteins was guided by the easyselect Pichia expression kit manual (Invitrogen) . Small starter cultures with 25 mL of buffered glycerol complex medium (BMGY) [1% yeast extract, 2% peptone, 100 mM potassium phosphate (pH 6.0), 1.34% yeast nitrogen base, 4 ¥ 10% biotin, 1% glycerol] were inoculated with a single colony from a zeocincontaining YPD agar plate.These cultures were grown at 28°C for 16 h. Cultures were then used to inoculate a 1 L BMGY culture at an optical density (OD) of 0.1. The larger BMGY cultures were grown at 25°C to OD = 5. Cells were pelleted by centrifugation (3150 g; 5 min). Cell pellets were resuspended in 1 L of buffered methanol complex medium (BMMY) [1% yeast extract, 2% peptone, 100 mM potassium phosphate (pH 6.0), 1.34% yeast nitrogen base, 4 ¥ 10 -5 % biotin, 0.5% methanol] to induce secreted expression of ChitA. Expression cultures were grown at 25°C for 48 h.
The first step in the purification of rChitAs was the production of CFM. Cultures were centrifuged (3150 g; 5 min) and the supernatants were filtered through a 0.45-mm, HV durapore membrane (Millipore, Bedford, MA, USA). CFMs were chilled to 4°C and proteins were salted out by the gradual addition of ammonium sulphate to 60% saturation (390 g/L); after salt had been added, the solutions were incubated with stirring for 1 h; after incubation, the proteins were precipitated by centrifugation (4900 g; 20 min). Precipitated proteins were resuspended in 10 mL of sodium acetate buffer [10 mM sodium acetate (pH 5.2) + 100 mM sodium chloride] and dialysed against sodium acetate buffer for 20 h. ChitA proteins were bound to a cation exchange column [HiTrap SP XL (5 mL), GE Healthcare, Waukesha, WI, USA] and the column was washed with an additional 20 mL of sodium acetate buffer. Bound proteins were eluted from the column by increasing the sodium chloride concentration from 100 to 500 mM. Elution fractions of 1 mL were collected. Fractions that contained ChitA were combined and ammonium sulphate was added to 40% saturation. ChitA was pelleted by centrifugation (14 000 g; 2 min) and resuspended in sodium acetate buffer, followed by dialysis. The protein concentrations of elution fractions and final purified ChitA were determined using the DC Protein Assay (Bio-Rad, Hercules, CA, USA) with bovine serum albumin (BSA) as a standard.
Assays of cmp
Assays of cmp contained 20 mg rChitA (74 mM) and either 5 mg of secreted protein extract from S. maydis NRRL 43670 or 0.1 mg of purified Bz-cmp from B. zeicola NRRL 47238 in 10 mL of sodium acetate buffer. The growth of S. maydis cultures and the preparation of secreted protein extracts were performed as described previously (Naumann and Wicklow, 2010) . The purification of Bz-cmp from B. zeicola has been reported previously (Naumann et al., 2009 ). Stm-cmp was not purified because secreted protein extracts already exhibit alloformspecific modification of ChitA and a method for its purification has not been developed. Reactions were incubated at 30°C for the indicated amount of time. Reactions were stopped by combining aliquots from the reaction with SDS-PAGE loading dye, and heating in boiling water for 1 min. Reactions were analysed by Tricine-SDS-PAGE (12% T; 3% C) (Schagger, 2006) .
Amino-terminal sequencing of proteins
rChitA-B73 was incubated (30°C; 16 h) either alone or with the addition of Stm-cmp or Bz-cmp. The reactions were loaded in a chiA from B73 with A47D mutation pTAN114DI(D48A) chiA from LH82 with D48A mutation pPICZaA expression plasmids pTAN121* Expression of rChitA-LH82 pTAN122
Expression of rChitA-B73 pTAN121(D48A)
Expression of rChitA-LH82 with D48A mutation pTAN122(A47D)
Expression of rChitA-B73 with A47D mutation *Plasmids shown in Fig. 1 .
Tricine-SDS-PAGE gel, and the proteins were separated at 90 V for 2.5 h. The proteins were transferred from the gel to a poly-(vinylidene difluoride) (PVDF) membrane (Immun-Blot; Bio-Rad) for 1 h at 50 V in a semi-dry transfer unit with N-cyclohexyl-3-aminopropanesulphonic acid (CAPS) buffer [10 mM CAPS (pH 11.0), 10% methanol]. The membrane was stained in a Coomassie solution (10 mg Coomassie Brilliant Blue R-250, 1 mL acetic acid, 40 mL methanol, 60 mL water) for 30 s, followed by destaining for 10 min (50% methanol). Protein bands were removed from the membrane with a scalpel, placed in microcentrifuge tubes and submitted for analysis by Edman degradation (Protein Sciences Facility, University of Illinois, Urbana, IL, USA).
